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The medium segment of the tripartite negative-stranded RNA genome of hantaviruses encodes for the predicted
glycoprotein precursor GPC. We have demonstrated here the expression of the glycoprotein precursor of Hantaan virus
following transfection of mammalian cells. The cleavage of the precursor into the glycoproteins G1 and G2 followed the rules
for signal peptides and seemed to occur directly at the pentapeptide motif “WAASA.” Our data indicate that the signal
peptidase complex is responsible for the proteolytic processing of the precursor GPC of Hantaan virus. The comparison of
this region of the glycoprotein precursor, including the absolutely conserved WAASA motif, suggests a similar cleavage event
for all hantavirus glycoproteins. © 2001 Academic Press
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Pathogenic hantaviruses cause two clinical syn-
dromes in man: hemorrhagic fever with renal syndrome
(HFRS) and hantavirus pulmonary syndrome (HPS). They
are rodent-borne viruses and infect their specific reser-
voir chronically, showing no overt disease. Human infec-
tion is thought to be acquired mainly via inhalation of
infectious aerosols of rodent excreta (Schmaljohn and
Hjelle, 1997; Schmaljohn and Le Duc, 1998; Peters et al.,
1999; Feldmann, 2000; Schmaljohn and Nichol, 2001).
Hantaviruses, family Bunyaviridae, genus Hantavirus,
are spherical to oval enveloped particles with a tripartite,
single-stranded, negative-sense RNA genome. In gen-
eral, together with nairoviruses, they appear to have the
simplest genome expression strategy among Bunyaviri-
dae. Neither have convincing evidence for an ambisense
strategy (genus Phlebovirus and Tospovirus) nor for the
expression of a nonstructural protein by an overlapping
open reading frame (ORF) (genus Bunyavirus). The three
enome segments encode for four structural proteins:
he RNA-dependent RNA polymerase (L protein) is en-
oded by the large (L) segment, the glycoproteins G1 and
2 by the medium (M) segment, and the nucleoprotein
N) by the small (S) segment. G1 and G2, both type I
ransmembrane proteins, are cleavage fragments of a
redicted precursor GPC (Elliott, 1990; Schmaljohn, 1996;
chmaljohn and Le Duc, 1998; Feldmann, 2000; Johnson
nd Schmaljohn, 2001).
Hantaan virus (HTNV) (strain 76–118) is the prototype
irus of the genus Hantavirus and was isolated fromT
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224podemus agrarius in Korea (Lee et al., 1978). Most data
egarding hantaviral glycoproteins were obtained by
tudying this particular virus strain. The ORF of the M
egment is 3408 nucleotides long and encodes for a
utative precursor of 1135 amino acids (Schmaljohn et
l., 1987). This precursor possesses seven potential sites
or the attachment of N-linked oligosaccharides (Fig. 1).
he N-linked glycans largely remain endoglycosidase H
sensitive even after incorporation into the virus particle
(Schmaljohn et al., 1987; Antic et al., 1992; Schmaljohn
and Le Duc, 1998). G1 and G2 form a heterodimer in the
endoplasmic reticulum (ER) before they are targeted to
the Golgi compartment (Ruusala et al., 1992). The G1/G2
heterodimers form the spikes on the virus particles
which mediate receptor binding and fusion (Arikawa et
al., 1985, 1989; Dantas et al., 1986). Sequence determi-
nation revealed that the amino terminus of the mature G1
starts at position 18 (threonine) and with the G2 at 649
(serine) (Schmaljohn et al., 1987). The putative GPC
shows four hydrophobic domains. Domain I extends from
amino acid position 1 to 17 and most likely serves as a
signal peptide. Domains II (position 441 to 515) and IV
(position 1097 to 1127) are the transmembrane domains
of G1 and G2, respectively (Spiropoulou et al., 1994). The
ydrophobic domain II is unusually long and the actual
embrane spanning portion is unknown. Domain III ex-
ends from position 627 to 648 and ends with a highly
onserved pentapeptide motif “WAASA” at the amino
erminus of G2 (Fig. 1) (see review of Spiropoulou, 2001).
This study was directed to identify the cleavage of the
utative precursor GPC and to address the role of the
ighly conserved pentapeptide WAASA in this process.
his pentapeptide is found with all molecularly charac-
erized hantaviral glycoproteins (Spiropoulou et al., 1994;
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225CLEAVAGE OF HANTAAN VIRUS GLYCOPROTEIN PRECURSORSchmaljohn and Le Duc, 1998). The precursor GPC has
never been identified following hantavirus infection nor
using recombinant expression from a plasmid containing
the M segment ORF (Schmaljohn et al., 1987; Pensiero
and Hay, 1992; Schmaljohn, 1996; Spiropoulou, 2001).
This together with the current data on glycoprotein pro-
cessing led to the hypothesis that cleavage occurs co-
translationally and is most likely mediated by a signal
peptidase. However, experimental data supporting this
hypothesis have not been published for any of the han-
taviruses.
RESULTS AND DISCUSSION
Most secretory and type I transmembrane proteins
possess a hydrophobic signal peptide at their amino-
terminal end. In eukaryotic organisms, this sequence
mediates the translocation of the protein into the lumen
of the ER, while in prokaryotic organisms, it mediates the
transport across the inner membrane into the periplasm
(Rapoport et al., 1996; Schatz and Dobberstein, 1996;
alies and Hartmann, 1998). Subsequently, a signal pep-
idase complex usually removes the sequence. Several
ules have been established defining a particular se-
uence as a signal peptide (Perlman and Halvorson,
983; von Heijne, 1983, 1986). According to these rules,
he peptide can be divided into three regions: a basic
egion (N) at the amino-terminal end, a hydrophobic
egion (H) in the middle, and a polar region (C) at the
arboxyl-terminal end. The amino acids at position 21
(alanine . glycine . serine) and 23 (small uncharged
mino acids; alanine, serine . valine . cysteine) are
specially critical for recognition by a signal peptidase
omplex. In addition, the region 23 to 11 should lack
ny proline residue. By applying these rules, hydropho-
ic domains I (not shown here) and III (Fig. 1) of the
FIG. 1. Schematic illustration of the Hantaan virus glycoprotein precu
domains I to IV of the hantavirus precursor which extend from amino a
Accession No. Y00386). The amino (N) and carboxyl (C)-terminal ends
sites (five in G1 and two in G2) are indicated by squares, five of whi
nonglycosylated (white): one of the G1 sites because it is facing the cy
the asparagine residue in the region (Bause, 1983). The arrow indica
pentapeptide motif WAASA is located at the carboxyl-terminal end of d
1983, 1986), potential signal peptides can be divided into three differenTNV precursor GPC fulfill the requirements for a signal
eptide.
G
oTo experimentally test whether domain III contains a
ignal sequence, the ORF of the HTNV glycoprotein pre-
ursor was cloned into the plasmid vector pSP72 for
acteriophage T7-driven expression (pSP72-HTNV/GPC)
nd into pSC11 for the production of a recombinant
accinia virus (VV-HTNV/GPC). To verify expression and
ubcellular localization of G1 and G2, HeLa cells were
nfected either with a recombinant “Modified Vaccinia
irus Ankara” expressing the bacteriophage T7 RNA
olymerase (MVA-T7), followed by transfection with
SP72-HTNV/GPC, or with VV-HTNV/GPC. The use of
ndirect immunofluorescence demonstrated that recom-
inant G1 and G2 expressed from a single ORF could be
olocalized with mannosidase II, a Golgi marker protein
Fig. 2A). Neither G1 nor G2 could be detected at the
lasma membrane when analyzed by surface immuno-
luorescence (Fig. 2B) or by biotinylation (data not
hown). Since antibodies specific to G1 and G2 were
imited, we introduced an immunogenic epitope from the
nfluenza hemagglutinin (“HA tag”) at the carboxyl termi-
us of the precursor ORF and subcloned it into the
7-driven expression plasmid pTM1 (pTM1-HTNV/GPC-
A). Following infection of HeLa cells with MVA-T7 and
ubsequent transfection with plasmid pTM1-HTNV/GPC-
A, G2 expression could be demonstrated by immuno-
lot analysis using an anti-HA tag monoclonal antibody
Fig. 2C). As shown in previous studies and by unpub-
ished data of our group, G2 can only reach the Golgi
ompartment following heterodimerization with G1 (Antic
t al., 1992; Pensiero and Hay, 1992; Ruusala et al., 1992).
n our studies, G2 was localized in the Golgi complex by
mmunofluorescence (Fig. 2A), confirming proper trans-
ort of G1 and G2 into this cellular compartment
Ruusala et al., 1992). Furthermore, G2 detection by im-
unoblotting confirmed the processing of the precursor
d the putative cleavage site. The illustration indicates the hydrophobic
sition 1–17 (I), 441–515 (II), 627–648 (III), and 1097–1127 (IV) (GenBank
glycoprotein precursor are indicated. Seven potential N glycosylation
most likely to be glycosylated (gray). Two sites are most likely to be
m and one of the G2 sites because of the proline residue that follows
potential cleavage site between G1 and G2. The highly conserved
III. According to the rules (Perlman and Halvorson, 1983; von Heijne,
s which are indicated here (N 5 basic, H 5 hydrophobic, C 5 polar).rsor an
cid po
of the
ch are
toplas
tes thePC into the fragments G1 and G2 (Fig. 2C). Together, all
f these data clearly showed that expression, process-
fic HRP
.
226 LO¨BER ET AL.ing, and transport occurred in the same way as in HTNV-
infected mammalian cells. Thus, a reliable recombinant
mammalian expression system was established to study
the proteolytic processing of the HTNV glycoprotein pre-
cursor GPC.
To identify the cleavage site of the precursor, we
generated single- or double-site mutants at position 21
and 23 of the putative signal peptide (domain III; Fig. 1)
in pTM1-HTNV/GPC-HA, which were either in accor-
dance with or in discordance with the rules for signal
peptides (see above). Expression of the different mutants
in HeLa cells was performed following MVA-T7 infection
and subsequent plasmid DNA transfection as described
above. Immunoblot analysis of cell lysates using an
anti-HA monoclonal antibody identified three major pro-
tein bands after separation on SDS–PAGE (Fig. 3). The
bottom band represented G2 with a molecular weight of
;55 kDa in its mature glycosylated form. The 120-kDa
band represented the noncleaved glycosylated precur-
sor GPC, which based on sequence information was
expected to have a molecular weight of ;123 kDa
(Schmaljohn et al., 1987; Schmaljohn, 1996). In addition, a
higher molecular weight band was detected which may
represent aggregates or specific oligomers of the un-
FIG. 2. Expression of the Hantaan virus glycoproteins. (A) Subcellu
confluence) were infected with a recombinant vaccinia virus expressin
(VV-HTNV/GPC) (m.o.i. of 10). Cycloheximide treatment (50 mg/ml) was
with methanol/acetone (1:1, v/v) for 15 min. Immunodetection was done
at a 1:100 dilution or with the appropriate monoclonal antibodies dire
followed by an incubation with a species-specific secondary antiserum
Colocalization (“merge”) with the marker protein was performed on
immunofluorescence assay. The infection of the cells was performed a
G2; dilution of 1:25) was done directly on ice after washing with PBS.
analyzed with an FITC-labeled species-specific secondary antibody (dilu
(m.o.i. of 3) and subsequently transfected with 2.5 and 5.0 mg pTM1-HT
lysed and the proteins subjected to 10% SDS–PAGE and blotted on
monoclonal antibody (dilution of 1:2500) followed by an species-speci
SuperSignal ULTRA chemiluminescent substrate (Pierce, Rockford, IL)cleaved precursor. G1 (;68 kDa) was not detected in
this assay system because the HA tag was introduced atthe carboxyl-terminal end of the precursor. According to
our studies, wild-type GPC (WAASA) and the cleavage
site mutant WAVSG, which is a mutation in accordance
with the rules for signal peptides, were efficiently
cleaved without any remaining GPC (Fig. 3, lanes 2 and
3). In contrast, all mutants in discordance with the rules
either showed a reduction (WARSA, WAESE, and WAESR)
or an almost complete loss (WAASR) in the cleavage of
GPC (Fig. 3, lanes 4–7). Immunofluorescence analyses
were performed using an anti-HA monoclonal antibody
after cycloheximide treatment (5 h) of infected and trans-
fected cells. Cycloheximide inhibits protein synthesis in
eukaryotic cells by blocking translation of messenger
RNA on the ribosome and therefore allows previously
synthesized proteins to be fully processed. Expression of
all mutants under these conditions showed a Golgi stain-
ing pattern indicating proper subcellular targeting (data
not shown).
Our experiments demonstrated clearly the expression
of a hantavirus glycoprotein precursor in cells (Fig. 3).
Previous evidence for the expression of such a precursor
in the family Bunyaviridae had only been obtained
through in vitro translation experiments for the genus
Phlebovirus (Ulmanen et al., 1981; Suzich and Collett,
lization using intracellular immunofluorescence. HeLa cells (70–80%
antaviral glycoproteins G1 and G2 from a single open reading frame
ed for 5 h prior to fixation. The cells were washed with PBS and fixed
ith a rabbit antiserum directed against mannosidase II (Golgi marker)
ainst G1 (mAB 6D4) and G2 (mAB 8E10) at a 1:25 dilution. This was
d either with FITC (dilution of 1:50) or with Texas Red (dilution of 1:75).
er scanning microscope. (B) Subcellular localization using surface
ibed above. The incubation with the protein-specific antibodies (G1 or
quently the cells were washed, fixed with 3% paraformaldehyde, and
1:50). (C) Immunoblot detection. HeLa cells were infected with MVA-T7
C-HA (lanes 1 and 2) and 5.0 mg pTM1 control (lane 3). The cells were
F membrane. The immunoreaction was performed with an anti-HA
-conjugated antiserum (dilution of 1:5000). Detection was done usinglar loca
g the h
perform
either w
cted ag
labele
a las
s descr
Subse
tion of
NV/GP
to PVD1988). Detection of the precursor GPC could only be
achieved through complete or partial cleavage inhibition
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227CLEAVAGE OF HANTAAN VIRUS GLYCOPROTEIN PRECURSORwhich resulted in the formation of higher molecular
weight complexes. These complexes may consist of ag-
gregates or specific oligomers of the precursor glyco-
protein. Hantaviral glycoproteins and glycoproteins of
other bunyaviruses show a high content of cysteine res-
idues (5.7% for HTNV; 4–7% for other Bunyaviridae)
(Schmaljohn et al., 1987; Schmaljohn and Le Duc, 1998)
nd for hantaviruses these residues are highly con-
erved (Antic et al., 1992; Spiropoulou et al., 1994). This
ndicates that disulfide bridge formation in the ER may be
mportant for the conformation of these glycoproteins.
ince signal peptide cleavage occurs prior to disulfide
ridge formation, GPC may have a different conforma-
ional structure than the G1/G2 heterodimer. Thus, GPC
ould be misfolded and associate with ER resident pro-
eins leading to aggregation (Fig. 3) and degradation.
ince degradation was not observed in our studies, the
resence of specific oligomeric forms has also to be
onsidered and has to be further investigated.
The mutational analyses clearly demonstrated that
leavage follows the rules for signal peptides and may
ccur at the highly conserved pentapeptide WAASA
Fig. 3). This supports the concept of a signal peptidase
omplex mediating the proteolytic processing of the gly-
oprotein precursor GPC of hantaviruses. Inappropriate
hanges at position 21 had a larger inhibitory impact on
leavage than those at position 23. Interestingly, double
utations at position 21 and 23 did not result in a
reater inhibitory effect but showed an increased cleav-
ge over the single-site mutants (Fig. 3, lanes 6 and 7).
his could be explained by the fact that a potential
eighboring cleavage site for a signal peptidase com-
lex was created (. . .SIL23WA21 2 ESE. . .). Additional
utagenesis of the leucine into an argine residue
. . .SIR23WA212 ESE. . .) reduced cleavage of the GPC in
FIG. 3. Expression of cleavage site mutants of the Hantaan virus gl
GPC-HA at the putative cleavage site as described under Materials and
transfected with 5 mg of the different plasmids encoding for the mutat
to 10% SDS–PAGE and blotted onto PVDF membrane. GPC and G2 w
described in the legend of Fig. 2. Key: X indicates the high molecular we
1, control (no DNA transfected); lane 2, WAASA (wild-type); lane 3, WA
mutant; lane 7, WAESR mutant.comparison to WAESE, supporting this hypothesis (data
not shown).Amino acid sequence comparison of bunyavirus gly-
coprotein precursors in this particular cleavage region
indicated that the same concept for cleavage is not only
strongly favored for all hantaviruses but also for many
other members of the family Bunyaviridae (Fig. 4). Our
mutational analyses, however, did not provide an expla-
nation for the conservation of the pentapeptide WAASA
among all known hantaviral glycoproteins (Spiropoulou
et al., 1994). As demonstrated here (mutant WAVSG; Fig.
3A, lane 3), changes in accordance to the rules for signal
peptides would not interfere with proper cleavage of the
precursor GPC. Therefore, unknown evolutionary pres-
sure may be applied, which conserves this region. Hanta-
viruses are rodent-borne agents and the conservation of
this particular pentapeptide may be driven by measures
that are important for maintaining the virus in the natural
host. In addition, previous studies using antipeptide an-
tisera determined the carboxyl terminus of the mature
HTNV G1 to amino acid position 588 to 614 (Schmaljohn
et al., 1987). This would leave a peptide of at least 38
amino acids, including the conserved WAASA motif. Gen-
eration of such a peptide would require a secondary
cleavage event but a 4-kDa peptide has yet to be de-
scribed. Nevertheless, the conservation of the pentapep-
tide WAASA may be explained by the existence of such
a protein.
In conclusion, we have shown the expression of a
hantaviral precursor glycoprotein GPC in mammalian
cells. The cleavage of the precursor GPC followed the
rules for signal peptides, indicating that a signal pepti-
dase complex is responsible for the processing into the
glycoproteins G1 and G2. Future studies may show if
cleavage is required for the infectivity of hantavirus par-
ticles. This seems likely since uncleaved precursor mol-
ecules form aggregates which may not be able to pro-
tein precursor. Mutagenesis was performed on plasmid pTM1-HTNV/
ds. HeLa cells were infected with MVA-T7 (m.o.i. of 3) and subsequently
oprotein precursors. The cells were lysed and the proteins subjected
tected using an anti-HA monoclonal antibody (dilution of 1:2500) as
gregates or oligomeric forms of the glycoprotein precursor GPC. Lane
utant; lane 4, WARSA mutant; lane 5, WAASR mutant; lane 6, WAESEycopro
Metho
ed glyc
ere de
ight agmote the functions of the G1/G2 heterodimer in receptor
binding and fusion.
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228 LO¨BER ET AL.MATERIALS AND METHODS
Viruses and cell cultures
HeLa and Vero E6 cells were cultured in Dulbecco’s
modified essential medium (DMEM) (Gibco BRL, Eggen-
stein, Germany) containing 10% fetal calf serum (FCS)
(Gibco BRL). Hantaan virus, strain 76–118, and Modified
Vaccinia virus Ankara expressing the bacteriophage T7
polymerase (MVA-T7) (Wyatt et al., 1995) were used in
this study.
RNA isolation
Vero E6 cells were infected with HTNV at an m.o.i. of
1022. Cells were harvested at a 31 cytopathogenic effect
nd RNA was isolated from the cells using the RNeasy
it (QIAGEN, Du¨sseldorf, Germany) according to the pro-
ocol of the manufacturer.
eneration of wild-type glycoprotein precursor
The ORF of the HTNV M segment was generated in
wo pieces by RT-PCR. Subsequently, both amplification
roducts were ligated into the plasmid vector pSP72
Promega, Mannheim, Germany) using a single HindIII
ite (nucleotide position 1411) in the G1-ORF to generate
pSP72-HTNV/GPC. An epitope for antibody detection
was incorporated using PCR. This was done with pSP72-
HTNV/GPC plasmid DNA using a primer upstream of the
internal HindIII site and a downstream primer which
included the sequences for the 39 end of the HTNV/GPC
RF, the HA epitope, a stop codon, and recognition sites
or XhoI and MluI. The appropriate part of the M segment
RF in pSP72-HTNV/GPC was exchanged with the newly
ynthesized PCR product to generate pSP72-HTNV/GPC-
FIG. 4. Sequence comparison of potential signal peptidase cleavage
potential cleavage sites between either the two glycoproteins G1 and
ccording to the rules (Perlman and Halvorson, 1983; von Heijne, 198
hich are indicated here (N 5 basic, H 5 hydrophobic, C 5 polar). P
eoul, BAA04514; Puumala, P41266; Sin Nombre, AAA75530; genus B
AB62804; genus Phlebovirus—Uukuniemi, GNVUUK; Rift Valley, NP_0A. The entire ORF HTNV/GPC-HA was then subcloned
nto the plasmid vector pTM1 (pTM1-HTNV/GPC-HA).his decision was made based on the observation that
he MVA-T7-mediated transient expression was not well
stablished using constructs based on plasmid pSP72.
n addition, the M segment ORF was subcloned from
SP72-HTNV/GPC into pSC11 (pSC11-HTNV/GPC). The
eneration of the recombinant vaccinia virus (VV-HTNV/
PC) was done as described previously (Becker et al.,
994). All of the generated intermediate clones, as well
s the final construct, were verified by sequence deter-
ination prior to use in expression experiments.
utagenesis
The Quick Change Site-Directed Mutagenesis Kit
Stratagene, Heidelberg, Germany) was used to intro-
uce the mutations into plasmid pTM1-HTNV/GPC-HA at
ositions 21 and 23 of the potential cleavage site
WAASA motif). Appropriate primers were synthesized
nd mutagenesis was performed according to the pro-
ocol of the manufacturer. All clones used in further
xpression studies were verified by sequence analysis.
xpression studies
For the expression using the recombinant vaccinia
irus VV-HTNV/GPC, HeLa cells (70–80% confluence)
ere infected with an m.o.i. of 10. Indirect immunofluo-
escence assays were performed 24 h postinfection as
escribed below. For T7-driven expression in mamma-
ian cells, HeLa cells (70–80% confluence) were infected
ith MVA-T7 at an m.o.i. of 3. One hour later the cells
ere transfected with a mixture of 5 mg plasmid DNA
and 5 ml DOTMA (1 ml/mg DNA) (GIBCO BRL) according
to the protocol of the manufacturer. For immunoblot anal-
ysis, the cells were lysed 24 h posttransfection. The
f different bunyavirus glycoprotein precursors. The arrows indicate the
nera Hantavirus and Phlebovirus) or NSM and G1 (genus Bunyavirus).
), potential signal peptides can be divided into three different regions
sequence accession numbers: Genus Hantavirus—Hantaan, P08668;
rus—Bunyamvera, NP_047212; Snowshoe Hare, P04875; La Crosse,
; Punta Toro, P03517.sites o
G2 (ge
3, 1986
roteinproteins were subjected to 10% SDS–PAGE, blotted onto
PVDF membrane (Millipore Immobilon P; Millipore Corp.,
229CLEAVAGE OF HANTAAN VIRUS GLYCOPROTEIN PRECURSORBedford, MA), and analyzed using an anti-HA monoclonal
antibody (Berkeley Antibody Co., BABCO, Richmond,
USA) at a 1:2500 dilution followed by species-specific
HRP-conjugated antiserum (DAKO, Hamburg, Germany)
at a 1:5000 dilution. For indirect immunofluorescence
assays, infected and transfected cells on coverslips
were treated with cycloheximide (50 mg/ml) 5 h prior to
acetone/methanol (1:1 v/v) fixation (24 h posttransfec-
tion). For subcellular localization, the glycoproteins were
detected with either a single primary protein-specific
antibody [anti-HA monoclonal; 1:500 dilution; Berkeley
Antibody Co., BABCO, anti-G1 (mAB 6D4), 1:25 dilution or
anti-G2 (mAB 8E10), 1:25 dilution] or together with a
rabbit antiserum directed against mannosidase II (Golgi
marker; 1:100 dilution). This step was followed by an
incubation with the species-specific secondary anti-
serum [swine anti-rabbit FITC-labeled, 1:50 dilution
(DAKO) and goat anti-mouse Texas Red labeled, 1:75
dilution (Dianova, Hamburg, Germany)]. Colocalization
with the marker protein was analyzed using a laser
scanning microscope (Zeiss, Germany).
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